Photoacoustic molecular imaging, combined with the reporter-gene technique, can provide a valuable tool for cancer research. The expression of the lacZ reporter gene can be imaged using photoacoustic imaging following the injection of X-gal, a colorimetric assay for the lacZ-encoded enzyme β-galactosidase. Dual-wavelength photoacoustic microscopy was used to non-invasively image the detailed morphology of a lacZ-marked 9L gliosarcoma and its surrounding microvasculature simultaneously in vivo, with a superior resolution on the order of 10 µm. Tumor-feeding vessels were found, and the expression level of lacZ in tumor was estimated. With future development of new absorption-enhancing reporter-gene systems, we anticipate this strategy can lead to a better understanding of the role of tumor metabolism in cancer initiation, progression, and metastasis, and in its response to therapy.
Introduction
Cancer is a major threat to public health around the world. In the United States, it accounts for approximately 23% of total deaths, second only to the heart disease. In 2007, it was reported that ∼ 1.44 million new cancer cases were diagnosed, while ∼ 0.56 million people died from it.
1 Although we have fought against cancer for centuries, our knowledge of its fundamental mechanisms is still incomplete. In the past decade, advances in genetics and molecular cell biology have opened a new window for us to understand the molecular bases of cancer. However, this progress has mainly come from studies of cultured cells or excised tissue. Researchers can achieve only a single data point from each culture or animal. Therefore, it is typically a time-consuming and labor-intensive task to completely investigate the role of a single gene or protein in a specific pathway. Furthermore, information obtained in a simplified environment in vitro may not correlate with what happens in vivo.
Recently, molecular imaging, although still in its infancy, has emerged as a promising tool to meet these challenges.
2 Molecular imaging marries state-of-theart imaging modalities with modern biochemistry, which makes molecular probes that target specific molecules of interest and provide corresponding imaging contrast. As a result of its non-invasive nature, molecular imaging allows biologists to see molecule-specific events in a desired spatial-temporal order in their native environment in living small-animal models. The required manpower and resources are significantly reduced. The great potential of molecular imaging in cancer research has been shown by various pioneering applications in studies of cancer initiation, progression, and response to therapy. 3 In this paper, we present our current progress in developing a new paradigm of molecular imaging, which combines photoacoustic imaging and the reporter-gene technique. Our method falls into an important branch of molecular imaging, which provides an insight into molecular mechanisms by locating and quantifying the expression of a special reporter gene. 4 A reporter gene is a short segment of extragenous DNA, whose protein product (the molecular probe) can be visualized by an imaging tool either directly or by acting on an analyzing assay. The reporter-gene technique has versatile applications in cancer research. For example, a reporter gene can be incorporated into the genome of a tumor under the control of a strong promoter to serve as an in vivo mark for tracking tumor appearance, growth, and metastasis. 5 Also, it is generally believed that nearly all cancers involve genetic abnormality. When fused to regulatory regions of a gene of interest, the expression level of the reporter gene reveals the different regulations of the targeted gene during different stages of cancer development. 6 In addition, reporter-gene imaging can significantly accelerate the development process of new cancer treatment, particularly the gene therapy. By coordinately expressing a reporter gene and the therapeutic gene, molecular imaging will allow us to monitor the delivery, targeting, expression, and regulation of the therapeutic gene in vivo, and greatly facilitate our rational optimization of the treatment strategy.
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Photoacoustic imaging is a new non-invasive optical imaging modality, which uniquely exploits optical-absorption contrast.
8 By utilizing laser-induced ultrasound, it is not limited by strong optical scattering in biological tissue, and thus overcomes the resolution obstacle to deep imaging that exists in pure optical techniques. In a word, photoacoustic imaging combines the most appealing features of both optics and ultrasonics: high optical-absorption contrast and sub-millimeter ultrasonic resolution. As a result, photoacoustic imaging has rapidly emerged as a powerful tool for small animal imaging in the past few years. 
LacZ reporter gene assay
As the initial step in our efforts to develop photoacoustic molecular imaging for studying tumor pathology, we employed a widely-used reporter-gene technique based on lacZ. 16 The lacZ reporter gene encodes β-galactosidase, an E. coli enzyme responsible for lactose metabolism. We used a sensitive colorimetric assay, 5-bromo-4-chloro-3-indolyl-β-d-galactoside (X-gal), for β-galactosidase staining. X-gal is an optically transparent lactose-like substrate for β-galactosidase. After the X-gal's glycosidic linkage is cleaved by β-galactosidase, a stable dark-blue product is produced. The dark-blue product has a strong absorption in the red region of the optical spectrum, and gives an excellent target for photoacoustic imaging. The lacZ technique possesses two noticeable advantages. First, β-galactosidase and X-gal alone are colorless. Strong optical absorption, which photoacoustic imaging is sensitive to, is generated only when they co-exist. Imaging β-galactosidase with photoacoustic imaging does not require complete clearance of the extra un-cleaved X-gal. Second, the lacZ technique possesses an intrinsic signal-amplification mechanism. As an enzyme, a single β-galactosidase molecule can cleave multiple X-gal molecules to produce a large number of blue product molecules, allowing us to detect a lowexpression level of lacZ. In an earlier report, we have proved the feasibility of visualizing the lacZ gene expression using a circular-scanning photoacoustic tomographic system. 16 However, the spatial resolution was not adequate to map the surrounding microvasculature, a considerable benefit of photoacoustic molecular imaging.
Dual-wavelength reflection-mode photoacoustic microscopy
To achieve better resolution, we have employed a new technique: dual-wavelength reflection-mode photoacoustic microscopy 17 (Fig. 1) . A tunable dye laser (ND6000, Continuum), pumped by a Q-switched Nd:YAG laser (Brilliant, BigSky), provided laser pulses at two different wavelengths, 584 nm and 635 nm. Each laser pulse had a duration of 6.5 ns, and a pulse repetition rate of 10 Hz. The laser output was delivered to the imaging system through a multimode fiber with a 600-µm core diameter. The components in the dashed rectangle in Fig. 1 were assembled as a scanning probe. The light coming out of the fiber was first expanded by a conical lens to form an annular beam and then weakly focused into the tissue, with its focal region coaxially overlapping the focus of a high-frequency ultrasonic transducer (V214-BCRM, Panametrics). The incident energy density at the tissue surface was controlled to be under 6 mJ/cm 2 , which was well within the ANSI safety standards. 18 By using dark-field illumination with an incident angle of 45
• , the strong acoustic waves otherwise emitted from structures close to the skin were reduced, which allowed us to image deeper structures better. The transducer had a central frequency of 50 MHz, a nominal bandwidth of 70%, and an NA (numerical aperture) of 0.44. It was immersed in water inside a tank with an opening at the bottom that was sealed with a thin, transparent plastic membrane. The animal was placed below the membrane outside the tank. Ultrasound gel was applied on the chemically depilated skin for better acoustic coupling. The photoacoustic signal received by the transducer was amplified and then recorded by a digital oscilloscope (sampling rate: 250 MHz). At each lateral position, the data acquisition lasted for 2 µs, without averaging. A mechanical stage drove the raster scanning of the imaging probe to obtain a volumetric dataset. The acquired data was first processed by a syntheticaperture focusing technique 19 to correct the blurring outside the ultrasonic focus.
The maximum photoacoustic amplitudes along each axial line were then projected on the skin surface, to form a maximum-amplitude projection (MAP) image. In previous experiments, the current system was quantified to have a lateral resolution of 45 µm and an axial resolution of 15 µm, and was capable of imaging ∼ 3 mm deep into the skin. 11 In addition, the resolution scales with the transducer's bandwidth, and can be further improved by employing a transducer with a broader bandwidth, at the cost of imaging depth. The two wavelengths (584 nm and 635 nm) were chosen to maximize the difference between the optical absorption of hemoglobin and the blue product within the efficient emission range of the laser dye. We quantitatively measured the molar extinction spectrum of the blue product, 16 and compare it in Fig. 2 with the doc- and HbR have identical molar extinction coefficients, which dominate that of the blue product by a 5.4:1 ratio. The photoacoustic amplitude in the image acquired at 584 nm directly correlates with the local total hemoglobin concentration. The 635 nm wavelength was selected to map the lacZ-marked tumor, where the molar extinction coefficient of the blue product was 20.4 times greater than HbO 2 's and 2.2 times greater than HbR's. Although this difference becomes bigger at longer wavelengths, the laser output was at the strongest at 635 nm.
Animal handling
Five million 9L/lacZ gliosarcoma tumor cells (ATCC) were implanted under the scalps of Sprague-Dawley rats (80 g-100 g, Harlan). Gliosarcoma is a malignant neoplasm of the central nervous system (CNS). Unlike other cerebral gliomas, gliosarcoma has a propensity for extracranial metastasis through the vascular pathway.
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After the presence of the tumor was noticeable, 20 µL of X-gal solution (20 mg/ml, Fermentas) was injected near the tumor one day before photoacoustic microscopy (PAM) imaging. During the experiment, the animals were kept under anesthesia using isoflurane gas. The heart rate and the global arterial blood oxygenation were closely monitored using a pulse oximeter (8600, Nonin Medical), while the body temperature of the animal was maintained at 36 • C.
Results and Discussions
The lacZ-marked 9L gliosarcoma was clearly visualized in the photoacoustic image acquired at 635 nm ( Fig. 3(a) ). Our previous study 16 also showed that, unlike a strongly absorbing melanoma, 17 the 9L gliosarcoma did not show up in photoacoustic images without X-gal staining. This implied that the reporter-gene technique is important in developing photoacoustic molecular imaging for studying most "invisible" tumors. In addition, the non-tumor region at a similar anatomical position also did not manifest in the photoacoustic images after the injection of X-gal, proving that no significant amount of endogenous β-galactosidase existed. The strong photoacoustic signal in Fig. 3(b) did come from the X-gal-stained tumor with the lacZ tag. Furthermore, the morphology of the surrounding microvasculature was mapped in great details in the MAP image taken at 584 nm ( Fig. 3(b) ). The photoacoustic signal in Fig. 3(b) represents the relative value of total hemoglobin concentration -a key parameter of local metabolism. A combined pseudo-colored image (Fig. 3(c) ) shows the spatial relation between the tumor and the surrounding microvasculature. From this, we were able to identify several tumor-feeding vessels, which are indicated by arrows in Fig. 3 . We were also able to assess the expression level of lacZ in the tumor. Under the assumption of uniform local optical fluence, the amplitude of the photoacoustic image is linearly proportional to the local absorption coefficient, 8 which is the product of molecule's concentration and its molar extinction coefficient. In Fig. 3(a) , the photoacoustic amplitudes from the lacZ-marked tumor and the residual blood vessels were estimated to have a 4.0:1 ratio. From the literature, the concentration of hemoglobins in normal blood is about 2.3 mM. 20 Assuming blood has an oxygen saturation level of 90% and taking into account the aforementioned relations among molar extinction coefficients, we estimated the concentration of the blue cleavage product to be ∼ 840 µM in the tumor. Given the efficient delivery of X-gal, this estimated concentration of the blue product will positively correlate with the concentration of β-galactosidase, i.e., the expression level of lacZ gene. Also, the tumor image in Fig. 3(a) had low background, excluding the residual blood vessels. We estimated that the stained tumor was imaged with a signal-to-noise ratio (SNR) of ∼ 36.6 dB. Hence, the minimum detectable concentration of blue product (with SNR = 1) was less than 12.3 µM. The detection threshold of the real expression product, β-galactosidase, was expected to be several orders of magnitude lower than this value. Hence, the sensitivity of our strategy fell between those of magnetic resonance imaging (sub-mM) and fluorescence imaging (100 fM). Compared to our previous work, the current strategy of using dual-wavelength photoacoustic microscopy made progress in three aspects:
(1) It provides one order of magnitude better resolution; (2) It allows simultaneous imaging of the detailed morphology of the tumor and its surrounding microvasculature, which paves the way for further study of tumor metabolism; (3) The concentration of the blue product in the tumor can be quantified, and (4) It eliminates the need for registration between images obtained before and after X-gal injection, which could be painful.
Currently, methods for in vivo imaging of lacZ expression are limited. Two approaches have been reported using planar fluorescence imaging 22 and magnetic resonance imaging, 23 respectively. Compared with them, our method has two advantages:
(1) It is capable of simultaneously imaging microvasculature with a 10-µm-order resolution using endogenous contrast, and (2) It can potentially provide information about local metabolism in vivo, which is of special interest in cancer research.
As discussed earlier, we noticed limitations of our current strategy, mainly associated with the in vivo use of X-gal. 16 A new analyzing assay for lacZ-gene expression or a novel reporter-gene technique is needed, designed specially for photoacoustic imaging. The ideal reporter-gene system would have the following features:
(1) The final reporter molecule has strong optical absorption. Its absorption spectrum is preferred to peak in the far-red or near-infrared region of the optical spectrum, where the absorption of major endogenous absorbers is weak. (2) Sufficient accumulation of the absorbing reporter molecules can be achieved following systemic administration of a reasonable dose of reporter probe or analyzing assay. (3) All molecules involved in the system are safe for in vivo application, and (4) It can be used to study interesting biology, like gene therapy.
We believe this is a promising direction, considering the vast number of naturally occurring pigments in nature.
Conclusions
In conclusion, we can visualize "invisible" tumors using photoacoustic imaging with the help of the reporter-gene technique. Using a new dual-wavelength photoacoustic microscopy, we were able to image the detailed morphology of a lacZ-marked tumor and its surrounding microvasculature simultaneously in vivo. With future development of better absorption-enhancing reporter-gene techniques, we expect our strategy, which combines photoacoustic imaging and the reporter gene technique, can make significant contributions to cancer research.
